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Summary 

Glutamate binds to both excitatory neurotransmitter 
binding sites and a W-dependent, quisqualate- and 
cystine-inhibited transport site on brain neurons. The 
neuroblastoma-primary retina hybrid cells (NWRE- 
105) are susceptible to glutamate-induced cytotoxicity. 
The Cl--dependent transport site to which glutamate 
and quisqualate (but not kainate or NMDA) bind has 
a higher affinity for cystine than for glutamate. tower- 
ing cystine concentrations in the cell culture medium 
results in cytotoxicity similar to that induced by gluta- 
mate addition in its morphology, kinetics, and CaZ+ 
dependence. Glutamate-induced cytotoxicity is direct- 
ly proportional to its ability to inhibit cystine uptake. 
Exposure to glutamate (or lowered cystine) causes a de- 
crease in glutathione levels and an accumulation of in- 
tracellular peroxides. Like NW-RE-105 cells, primary rat 
hippocampal neurons (but not glia) in culture degener- 
ate in medium with lowered cystine concentration. 
Thus, glutamate-induced cytotoxicity in N18-RE-105 
cells is due to inhibition of cystine uptake, resulting in 
lowered glutathione levels leading to oxidative stress 
and cell death. 

Introduction 

We have studied L-glutamate (Glu) binding and toxicity 
using the neuronal hybridoma cell line N18-RE-105 (pri- 
mary rat embryonic retinal cell x mouse neuroblastoma 
cell). Incubation of N18-RE-105 cells with Glu or Glu 
receptor agonists of the quisqualate (Quis) class results 
in delayed (6-10 hr), Caz+-dependent cell death (Mur- 
phy et al., 1988a). Since Quis has been reported to open 
cation channels fjahr and Stevens, 1987), we previously 
evaluated depolarization as a mechanism of neuronal 
cell death (Murphy et al., 1988b). Although electrophys- 
iological studies demonstrated that N18-RE-105 ceils 
were mildly depolarized by application of Glu or Quis, 
depolarization per se was not cytotoxic. To the contrary, 
depolarization by KCI, veratridine, or ouabain actually 
reversed the cytotoxic effect of exogenously added Glu 
(Murphy et al., 1988b). Similarly, toxicity as a conse- 
quence of depolarization was not always observed in 
cerebellar brain slices (Garthwaite et al., 1986), and sig- 
nificant discrepancies between the neurotoxic and ex- 

citatory potency of agonists at Glu receptors have been 
reported (Lehmann et al., 1985). Thus, depolarization 

could not account for the cytotoxicity of Quis receptor 
agonists in N18-RE-105 cultures, suggesting that another 
mechanism must mediate their toxicity in this neuronal 
cell line. 

Recent studies now indicate that Quis may interact 
with neuronal sites other than those mediating Glu- 
induced neuronal depolarization. One such site is a 
Cl--dependent Glu transporter enriched in brain mem- 
branes, which was originally thought to be a Cl-- 
dependent receptor (Roberts, 1974; Berry et al., 1988; 
Kessler et al., 1987; Zaczek et al., 1987a, 198713). This 
Quis-sensitive transporter was shown to be concen- 
trated in neurons, as evidenced by a marked decrease 
in its activity upon a selective neuronal lesion (Zaczek 
et al., 1987b). L-Cystine (cystine) inhibits Glu sequestra- 
tion at this Quis-sensitive transporter (Berry et al., 1988; 
Kessler et al., 1987; Zaczek et al., 1987a). This carrier site 
may be a high affinity neuronal adaptation of an an- 
tiporter for cystine described in the periphery (Bannai, 
1986; Bannai and Kitamura, 1980, 1981; Makowske and 
Christensen, 1982; Bannai and Ishii, 1988). The interac- 
tion of Glu and cystine at the peripheral carriers is com- 
petitive, with the affinity of Glu one-fifth that of cystine 
(Bannai and Kitamura, 1980). 

Using the N18-RE-105 cell line, we now report the role 
of Cl--dependent cystine uptake in Glu’s cytotoxicity 
and the general role of cystine uptake in cell viability. 
We present evidence that a Cl--dependent Glu uptake 
system in N18-RE-105 cells functions as a cystine/Glu an- 
tiport transporter and that Glu toxicity is due to inhibi- 
tion of cystine uptake. Cellular deprivation of cystine ul- 
timately leads to oxidative stress through a reduction in 
levels of cellular oxidized and reduced glutathione 
(GSH and GSSG), resulting in delayed cell death. In pri- 
mary cultures of mixed hippocampal neurons and glia, 
neurons, but not glia, are as sensitive to low cystine tox- 
icity as N18-RE-105 cells. Thus, Glu-induced inhibition of 
cystine transport may contribute to certain forms of 
delayed neuronal degeneration. 

Results 

Reduced Cystine Concentration and Cytotoxicity of 
N18-RE-105 Cultures 
Exposure of N18-RE-105 cells to medium deficient in cys- 
tine resulted in marked cell death. Toxicity in low cystine 
medium was morphologically indistinguishable from 
Glu-induced cytotoxicity: cell bodies first swelled and 
then neurites displayed numerous surface blebs prior to 
cell lysis. Reducing extracellular cystine from 200 PM, 
that in normal Dulbecco’s modified Eagle’s medium 
(DMEM), to 100 uM caused measurable cytotoxicity af- 
ter 24 hr; and up to 80% cell lysis occurred in 24 hr when 
cystine was reduced to less than 10 uM (Figure 1). The 
relationship between cystine concentration and cytotox- 
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Figure 1. Toxicity oi Low Cystine Culture Medium and the Etfects 
of Clu and Quis 

Media with various levels of cystine and/or Glu and QUI\ as lndl- 
cated were prepared and incubated with N18-RE-105 cells for 24 hr. 
as described in ExperImental Procedures. Cell death was quantified 
by measurement of cellular and released LDH. Values are the 
means k SEM of a typical experiment performed In trlpllcate 

icity was analyzed by nonlinear regression and could be 
fit to the equation 

% death = M - ((lOO~[cys])/([cys] + K)) 

in which M is the maximum percentage of dead cells 
and K is the concentration of cystine that induces 50% 
of maximal cell death, with K and M as free parameters. 
The average K for cell death was 11 & 3 PM (n = 4 sepa- 
rate experiments with triplicate determinations). Data 
for cystine concentration versus cell death were also 
analyzed according to the Hill equation: 

% death = M - ((lOO~[cy~]~~J/([cy5]~~, + K)) 

Fitted with K, r-t,,, and M as free parameters, the results 
suggest that a single noninteracting binding event (n,, 
= 1.06 f 0.1, n = 4 separate triplicate determinations) 

could mediate low cystine-induced toxicity. 

Effect of Glu on low Cystine-Induced Cytotoxicity 
in N18-RE-105 Cultures 
The above data suggested that lack of cystine kills cells 
and that Glu may be toxic due to its ability to block cys- 
tine uptake. In support of this hypothesis, Figure 1 
demonstrates that addition of Glu to the medium results 
in cell death at a higher cystine concentration than ob- 
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Figure 2. Time (ourse ot Low Cystlne and Clu lox~c~ty II- Nl8-RE- 
105 Culture5 

Cells were grown ‘1s descrlbrti In Experlment,rl Procedures. After 
the indicated time tollowing \wtchlng to toxic medium. cell death 
was quantiflrd by measurement of cellular and rrleased LDH (see 
Experimental Procedures). MaxImal cell death was 75% with IO 
mM Clu and h4?,, wtth 5 FM cystlne. 

served in its absence. While half-maximal cell death in 
the absence of Glu occurred when the cystine concen- 
tration was lowered (from 200 PM) to 11 k 3 WM (see 
above), in the presence of 1 mM Clu a cystine concen- 
tration lowered to 129 k 27 PM was required for 50% 
cell loss (n = 3 experiments with triplicate determina- 
tion; P < 0.05 compared with the absence of Glu). Addi- 
tion of Glu (l-10 mM), or Quis (0.1-1.0 mM) resulted in 
shifts in the low cystine toxicity curves, which were con- 
sistent with competitive interactions of cystine/Glu or 
cystineiQui5 at the same site (Figure 1). 

Time Course of Low Cystine Toxicity in 
N18-RE-105 Cultures 
Onset of cell lysi5 was not apparent until after 4-8 hr of 
exposure to low cystine (5.0 PM) medium, a time course 
nearly identical to that observed after the addition of 10 

mM Glu to complete medium (Figure 2). The time to 
50% of maximal cell loss was 8 hr after switching to 
low cystine medium dnd 9 hr after addition of Glu to 
complete medium. In a second experiment (data not 
shown), the time to 50% of maximal cell los5 was 12 hr 
at 2.5 PM cystine exposure and 13 hr with 10 mM Glu 
exposure in complete medium. 

Ca*+ Dependence of Low Cystine Toxicity in 
N18-RE-105 Cultures 
Glu cytotoxicity in N18-RE-105 cells is prevented by incu- 
bation in medium deficient in Ca?+ (Murphy et al., 
1988a). Similarly, toxicity due to reduced cystine 
medium was Ca’+-dependent (Table 1). Reducing free 
Cal+ levels to <lO PM completely blocked the cytotoxic 
effect of low cystine, although the Ca?+-free condition 
was associated with a low rate of cell lysis (12% lactate 
dehydrogenase [LDH] release). As with Glu toxicity in 
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Table 1. CaL+ Dependence of Low Cystine Toxicity 

EGTA (mM) Added Ca’+ (mM) Free CaL+ (FM) Cystine (PM) % Toxicity 

0 I .a ND 200 3*1 
0 I .a ND 5 54 + 1 

0.5 0 <lO 200 12 * 4 
0.5 0 <lO 5 12 * 4 

0.5 I .a 1300 200 221 
0.5 I .a 1300 5 62 + 4’ - 

Nlg-RE-105 cells were grown for 24 hr as described in Experimental Procedures dnd then switched to the culture medium described. Cell 
death was determined by measurement of LDH release as described in Experimental Procedures. Results are the means + SEM for 3 experi- 
ments performed in triplicate. ND, not determined. 
I’ P < 0.05 (two-tailed paired t-test comparing cell death in 5 versus 200 pM cystine medium for each conditon). 

N18-RE-105 cells (Murphy et al., 1988a), the inorganic 

Ca*+ channel blocker CdC12 (2.5 PM) was able to pre- 
vent completely the cytotoxicity due to low cystine 
medium (data not shown). 

Cystine Uptake by N18-RE-105 Cells 
Cystine uptake in N18-RE-105 was measured directly 
using L-[35S]cystine. The K, for cystine uptake was 20 f 
11 @I (Table 21, and the V,,, was 52 f 15 pmol/mg of 
protein per min. Specific uptake of 1 @I L-[35S]cystine 
(specific activity 5 Cilmmol) was linear for at least 75 min 
and resulted in accumulation of radiolabel at a rate of 
8 pmollmg of protein per min. After 75 min of uptake, 
the calculated concentration of radiolabel in cells ulti- 
mately exceeded that in the medium. Increasing the 
cystine concentration lOOO-fold to 1 mM (reducing the 
specific activity to 5 mCi/mmol) reduced uptake of radi- 
olabel to barely detectable levels, consistent with satura- 
tion of the carrier. Decreasing the specific activity by a 
factor of 1000 by the addition of unlabeled cystine (from 
1 @I to 1 mM) after 20 min at the lower cystine concen- 
tration resulted in a cessation of radiolabel uptake, but 
no efflux of radiolabel, suggesting that cystine undergoes 
metabolic sequestration into a nonreleasable pool. 

Uptake of L-[3H]Glutamate in N18-RE-105 Cultures 
The K, for Glu uptake was 53 f 16 PM (Table 21, and 

the V,,, was 205 f 52 pmollmg of protein per min. 
Uptake of 10 PM L-[3H]glutamate (specific activity 0.5 
Ci/mmol) was biphasic. An initial component (l-20 min) 
of 81 pmollmg of protein per min was followed by a 
slower component (20-75 min) of 31 pmollmg of pro- 
tein per min. The calculated concentration of radiolabel 
in cells ultimately exceeded that in the medium. In- 
crease in the total Clu concentration to 10 mM (de- 
crease of specific activity to 0.5 mCi/mmol) reduced 
time-dependent uptake of radiolabel to barely detect- 
able levels. Efflux of >70% of 10 PM L-[3H]glutamate ac- 
cumulated after a 20 min incubation was detected upon 
dilution of specific activity IOOO-fold by adding 10 mM 
unlabeled Glu, indicating that most of the accumulated 
L-[3H]glutamate remains in an exchangeable pool. Sub- 
sequent uptake experiments were terminated after 20 
min, which was the upper limit of the initial (rapid) com- 
ponent of uptake. 

Table 2. Kinetic Constants for Cystine and Clu Uptake 

Substrate 

K, (PM) 

L-[‘?5]Cystine 
L-[‘HIGlutamate 

20 f 11 (4) 
53 + 16 (4) 

K, L-[?S]Cystine pM 

L-Cystine 7.5 f 1.6 (6) 
L-Glutamate 35 f iad (5) 
Quisqualate 12 f 1.6 (4) 
L-Glutamate + L-[‘%]cystine 10 WM 110 f lgd (6) 
L-Glutamate + L-[?]cystine 100 WM 450 + 140a (5) 

K, L-[‘HIGlutamate PM 

L-Glutamate 30 f 15 (3) 
L-Cystine 23 f 4 (3) 
Quisqualate 5 * la (3) 

Nlg-RE-105 cells were incubated with radiolabeled cystine or Glu 
for 20 min in the presence or absence of unlabeled inhibitors 
(0.1-300 wM), and radiolabel uptake was determined as described 
in Experimental Procedures. I$ values of saturable L-[%]cystine 
(0.3-300 PM) or L-(‘HIglutamate (l-300 PM) transport and the ap- 
parent affinities (K,) of unlabeled inhibitors (cystine, Clu, or Quis) 
for L-[%]cystine (5-15 nM) or Lj3H]glutamate (100 nM) transport- 
ers are presented, as are the apparent affinities of Glu for 10 pM 
or 100 pM L-[%]cystine uptake. Values are the means f standard 
deviation of (n) pooled separate duplicate experiments for K, 
values and means * SEM of (n) separate duplicate experiments for 
K, values. 
,’ P < 0.05; repeated measures analyses of variance were performed 
comparing inhibition of L-[?S]cystine (S-15 nM) uptake by cystine 
with that of Glu or Quis; comparing inhibition of L-[%]cystine 
(5-15 nM) uptake by Glu with that of 10 pM L-[%]cystine + Glu 
or 100 PM L-[‘%]cystine + Glu; and comparing K, values for inhi- 
bition of L-[3H]glutamate (100 nM) uptake by Glu with that of Quis 
and cystine. 

Inhibition of L-[35S]Cystine Uptake in 
N18-RE-105 Cultures 
Unlabeled cystine, Glu, or Quis competitively inhibited 
uptake of 5-15 nM L-[%]cystine (specific activity 
354-866 Cilmmol) with apparent affinities for the up- 
take site of 7.5 f 1.6 PM (cystine), 35 f 18 PM (Glu), 
and 12 f 1.7 PM (Quis) (Table 2; Figure 3). Quis and Glu 
inhibition of L-[%]cystine uptake had average nH values 
of 0.97 + 0.1 and 0.95 f 0.3. Curves for inhibition of 
L-[35S]cystine uptake by cystine had nH values averaging 
0.78 f 0.1. When 10 and 100 PM c&centrations of un- 
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Table 3. Ionic Dependence of L-[“S]Cystine Uptake 

% Control Uptake 

lomc 
Manipuldtlon 10 PM I-[“S]Cystlne 1000 PM L-[“S]Cy\tlne 

1.8 mM Cl- 57 + 7,’ 90 ) Y 
7.2 mM Cl- 64 t 8,’ 94 * 5 
Low Na+ 77 & 7 56 i 6 
Low Ca’+ 92 5 15 81 * i 
Depolarization 127 k 5,’ 67 i 34 

The Ionic dependence ot 10 KM and 1000 PM tadlolabeled 
cystlne uptake was evaluated using media contalnlng 5 Ii nM 
L-(“Slcystlne and supplemented with either 10 PM or 1000 VM cys- 
tine. Uptake was expressed as a percentage of control uptake inor- 
mal Cd?+, Na+. and Cl-: see ExperImental Procedures). Sol&on\ 
were prepared as described in Experimental Procedures: lo\\, Ca” 
(<lo PM), low Na+ approximately 15 mM, Cl concentrations ~5 
indicated. Depolarization was for 24 hr with 50 PM veratrldine. 
Values are the means f SEM of 3 separate experiments periormeti 
in triplicate. 
’ P < 0.05 (two-tailed pdlred t-test comparing uptake in control ctll- 
tures with those in altered ionic composition) 

labeled cystine were used (specific activity 0.5 mCi/ 
mmol and 0.05 mCi/mmol, respectively), the apparent 
affinity for Glu was decreased to 110 f 19 and 450 f 
140 PM (P < 0.051, respectively (Table 21, consistent with 

competitive inhibition. The n,, values for 10 PM L-[‘;S]- 

cystine + Glu and 100 PM L-[?S]cystine + Glu, were 
0.97 _+ 0.04 and 0.96 k 0.05, respectively. None of the 
n,, values differed significantly from unity (P > 0.1). 

Inhibition of L-[3H]Glutamate Uptake in 
N18-RE-105 Cultures 
Unlabeled Glu, Quis, and cystine competitively in- 
hibited the uptake of 100 nM L-[‘HIglutamate (specific 
activity, 52 Cilmmol) with an apparent affinity for unla- 
beled agonist of 30 + 15 PM (Glu), 4.6 t 1 PM (Quis), 
and 23 k 4 PM (cystine) (Table 2; Figure 3). Glu, Quis, 
and cystine inhibition of L-[sH]glutamate uptake had 
average n,, values of 0.81 k 0.15, 0.85 f 0.15, and 0.96 
k 0.07, respectively. None of the n,, values differed sig- 

nificantly from unity (P > 0.1). 

Ionic Dependence of ~[35S]Cystine Uptake in 
N18-RE-105 Cultures 
The effects of Ca2+, Cl-, and Na+ on the high affinity 
uptake of cystine were determined using ionic replace- 
ment of 10 PM L-[‘%]cystine (specific activity 0.5 
Ci/mmol) uptake medium (Table 3). Removal of Ca’+ 
from incubation medium (normal Ca?+ = 1.8 mM) with 
the addition of EGTA did not have a significant effect on 
the uptake rate of 10 PM L-[35S]cystine (Table 3), nor did 
it reduce the recovery of cellular protein. In contrast, 
reduction of extracellular Cl- to 1.8 mM (normal Cl- = 
140 mM) significantly reduced uptake of 10 pM L-[‘~S] 

cystine to 57% k 7% of control (Table 3). In contrast, 
low Na+ medium (approximately 15 mM Na+; normal 
Na+ = 140 mM) did not significantly affect uptake of 10 
PM L-[?S]cystine (Table 3). 
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Specificity of L-[35S]Cystine Uptake Inhibition by 
Acidic Amino Acids in N18-RE-105 Ceils 
Reported agonists and antagonists at Glu receptors (Wat- 
kins and Evans, 1981) and transport sites (Berry et al., 
1988; Kessler et al., 1987: Zaczek et al., 1987a, 1987b) 
were tested at 1 mM concentrations for inhibition ot 
L-[‘iS]cystine uptake (15 nM; specific activity 354 Cii 
mmol) (Table 4). Besides cystine itself, only compounds 
that were toxic to N18-RE-105 cells significantly reduced 
uptake: Quis, Glu, and ibotenate. In contrast, the non- 
toxic Glu analogs N-methyl-D-aspartate (NMDA), ~-2. 

aminophosphonovalerate (D-APV), kainate, a-amino-3- 
hydroxy-5-methyl-4-isoxarolepropionate (AMPA), and 
oL-2-aminophosphonohexanoate (DL-APH) produced 
less than 10% inhibition, and m-2-aminophosphonobu- 
tyrate <-APB), D-APB, and aspartate demonstrated mod- 
est inhibition that was not statistically significant. 

Glutathione Levels in N18-RE-105 Cultures 
Cellular levels of glutathione (oxidized and reduced, 
GSHIGSSG) decreased in a time-dependent fashion dur- 
ingCluexposure(Figure4).Afteronly4hrof 10mMGlu 
exposure (which is prior to the commencement of cell 
lysis), GSHICSSG levels were reduced by 50%. After 8 
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Table 4. Effect of Clu Agonists and Antagonists on the Uptake of 
15 nM L-[35S]Cystine 

Substrate % Control Uptake 

Quisqualate 17 * 4” (8) 
Glutamate 24 f 8” (9) 
lbotenate 33 + lo” (3) 
ot-APB 64 ; 12 (4) 
Aspartate 77 f 8 (5) 
o-APB 83 f 14 (3) 
AMPA 94 f (2) 
DL-APH 95 f 10 (3) 
o-APV 97 f 10 (3) 
Kainate 107 f 22 (3) 
NMDA 109 f 17 (3) 

N18-RE-105 cells were incubated with 15 nM L-[?%]cystine or 15 
nM L-[?S]cystine + 1 mM of the unlabeled inhibitors for 20 min, 
and radiolabel uptake was determined as described in Experimen- 
tal Procedures. Control uptake is the uptake of 15 nM L-[35S]cys- 
tine in the absence of any inhibitor. Values are the mean + SEM 
of (n) separate duplicate experiments. 
li P < 0.05 (two-tailed paired t-test). 

hr of exposure, when cell lysis had begun, GSHKSSG 
levels had fallen to 32% of control. GSHlGSSG levels 
were also measured in cultures pretreated with agents 
that have previously been shown to protect against the 
cytotoxic effects of Glu in this cell line (Murphy et al., 
1988a, 198813; Murphy et al., 1989). No significant 
change in GSHlGSSG levels was noted in the presence 
of vitamin E and the lipooxygenase inhibitor nordi- 
hydroguaiaretic acid, in low Ca2+, or after depolariza- 
tion with veratridine, when compared with matched 
control cultures or matched Glu-treated cultures (Table 5). 

Intracellular Peroxides in NWRE-105 Cultures 
An indication of intracellular peroxide formation upon 
Glu treatment was obtained by labeling the cells with 
the probe 2,7-dichlorofluorescin diacetate, which be- 
comes trapped in cells and fluoresces upon oxidation. 
Bright-field and fluorescent microscopy (Figure 5) of 
>200 cells from each of 3 separate experiments revealed 
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Figure 4. Time Course of Glutathione Depletion by Glutamate 

N18-RE-105 cells were exposed to 10 mM Clu for the duration indi- 
cated (in hours). The levels of cellular acid-soluble CSH + GSSG 
and acid-precipitable cellular protein were determined as de- 
scribed in Experimental Procedures. The results are means f SEM 
from a representative time course performed in triplicate. 

a significantly greater percentage of fluorescent cells in 
Glu-treated cultures (66% f 10% after 10 mM Glu for 
5-7 hr) than in matched control cultures (14% f 7%; P 
< 0.01). 

Sensitivity of Mature Primary Hippocampal 
Neurons to low Cystine Toxicity 
To assess whether a similar mechanism of cytotoxicity 
may affect primary neurons, hippocampal neurons in 
culture were studied. After 12 hr of low cystine treat- 
ment, some neurons appeared swollen but most were 
histologically intact (Figure 6). However, after 18 hr of 
low cystine exposure, neurons displayed numerous sur- 
face blebs and necrotic processes, and by 24-30 hr, few 
intact cells remained (l-3 PM cystine). The underlying 
confluent glial mat was largely unaffected by the low cys- 
tine medium. This was evidenced by two criteria, ab- 
sence of trypan blue staining of flat cells and retention 
of cellular LDH content. About 10% of the total LDH in 

Table 5. Cellular Clutathione Levels 

CSH + GSSG ng per pg of Protein 

Treatment No Added Glu 10 mM Glu, 8 hr Cytotoxicity % of Control 

Control 7.5 + 1.2 2.4 f 0.8” 100 
Low Cal+ 6.4 f 1.1 2.2 f 0.7” -3 f 3a 
Depolarization 7.6 f 1.8 1.6 f 0.7d 30 * lid 
NDGA 10.6 -I 2.0 2.2 f 0.8” 3 f 1” 
Vitamin E 10.7 f 2.4 2.2 * 0.9” 0 f ba 

Cellular CSH + GSSG levels were determined enzymatically for N18-RE-105 cells treated with 10 mM Glu for 8 hr and/or conditions as- 
sociated with reduction in Glu toxicity. Values are expressed as ng of CSH per pg of cellular protein and are the means * SEM of at least 
3 experiments performed in duplicate. All treatments were initiated 12 hr before and were continued during Glu exposure. Low Ca2+ medium 
was prepared without added Ca*+ and contained 0.5 mM EGTA; depolarization was with 50 pM veratridine; nordihydroguaiaretic acid 
(NDCA) was added at 5 wM; and vitamin E was added at 100 pM. Cytotoxicity measurements were performed on different cultures after 
24 hr of 10 mM Glu exposure. Values are the means f SEM of at least 3 separate duplicate experiments; Glu cytotoxicity ranged from 50%-80%. 
None of the treatments significantly altered GSH levels compared with matched control cultures (with and without added Glu; P > 0.1). 
However, the difference between untreated and Glu-treated cultures was significant for each treatment. 
d P < 0.05 (two-tailed unpaired t-test, performed for GSH + GSSG and cytotoxicity measurements). 
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Figure 5. Glutamate-Stimulated Intracellular PeroxIde Formation 

Formation of peroxides after 8 hr of 10 mM Clu exposure was detected using 2,7-dichlorofluorescin diacetate oxidatton and fluorescence 
in NlB-RE-105 cells. Representative fluorescence and light photomicrographs of Clu-treated and control cultures are presented. Bar, 15 pm. 

the culture wells was neuronal (rather than glial), as esti- released was less than 10% of the total LDH in the cul- 
mated by the amount released after exposure to NMDA ture. The cystine concentration at which 50% of the neu- 
agonists that selectively kill neurons (Choi et al., 1987). rons were viable (24 hr exposure) was approximately 3 
After low cystine exposure (1 PM for 24 hr), greater than PM, using either cell counting or LDH release as the 
90% of the neurons in the cultures had died (estimated method of quantitation (Table 6). Some glial toxicity was 
by counting phase-bright cells with obvious processes; observed at later times (72 hr) of exposure to cystine-free 
see Experimental Procedures), while the amount of LDH medium. 
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5 min 12 h 24 h 
Figure 6. Medium Depleted in Cystine (1 t&4) Produces Delayed Toxicity of Hippocampal Neurons 

Shown is a field of hippocampal neurons and glia after exposure to cystine-depleted medium for the indicated periods of time. 

Discussion 

N18-RE-105 cells cultured in medium deficient in cystine 
underwent delayed degeneration (Figure 1). The cyto- 
pathological alterations, time course, and Ca*+ depen- 
dence of cell death were similar to those observed with 
Glu-induced cytotoxicity in medium with a normal con- 
centration of cystine (Murphy et al., 1988a). The cyto- 
toxic potencies of Glu and Quis were dependent on the 
concentration of cystine in the culture medium (Figure 
1). Thus, when the cystine concentration was lowered, 

the cytotoxic potencies of Glu and Quis were increased, 
whereas an increase in medium cystine decreased their 
cytotoxic potency (Figure 1). Furthermore, Glu and Quis 
competitively inhibited the uptake of L-[35S]cystine in- 
to N18-RE-105 cells. The alterations in the cytotoxic 

Table 6. Concentration Dependence of Low Cystine Toxicity of 
Primary Hippocampal Neurons 

% Cell Death 

Cystine (HIM) LDH Release Counting Cells 

100 0 12 f 3 
30 -a+8 15 f 2 
10 5 * 11 19 f 4 

3 47 f 1OJ 63 f 8” 
1 100” 92 + 2” 

Neuronal toxicity was determined by LDH release and by count- 
ing neurons (with cell death expressed as the percentage of necrotic 
cells versus total viable and necrotic cells) after 24-30 hr of exposure 
to medium containing the indicated concentration of cystine. Results 
are the means * SEM of 3 separate experiments performed in 
duplicate. 
d P < 0.05 (two-tailed paired t-test comparing cell death at various 
concentrations of cystine with that at 100 PM). 

potency of Glu caused by changing the cystine concen- 
tration in the medium can be predicted by using the K, 
values determined from uptake studies (Figure 7). The 
competitive interaction between Glu and cystine ac- 
counts for the observation that millimolar concentra- 
tions of Glu were required to produce cytotoxicity in 
standard culture medium (DMEM) containing 200 PM 
cystine. 

The relationship between cytotoxicity and cystine 
concentration could be fit to the equation for a rectan- 
gular hyperbola and had a Hill coefficient of 1.06, sug- 
gesting that the primary event in cytotoxicity was reduc- 
tion in occupancy of the carrier by cystine. If this 
inference is valid, the relationship between occupancy 
at the cystine carrier and cytotoxicity should be linear 
with a slope of -1. in 4 separate experiments in which 
the cystine concentration in the medium was varied (5 
to 1000 PM), the slope was -1.1 (R* = 0.99) for percent 
cell death versus percent occupancy (Figure 7). For 3 ex- 
periments, varying the concentration of cystine (20 to 
1000 PM) in the presence of 1 mM Glu resulted in a 
slope of -1.27 (R* = 0.98) for percent cell death versus 
percent occupancy. While a slight difference in slope 
and X-intercept was observed, this was not likely to be 
significant, since the calculated occupancy depends on 
several experimentally determined parameters that have 
some associated error. The similarity between the K, for 
cystine transport, 7.5 PM, and the K for cystine toxicity, 
11 uM, supports the conclusion that the two phenome- 
na are closely related. 

Primary cultures of hippocampal neurons are also vul- 
nerable to reduced cystine in their medium, with the 
same concentration dependence, delayed degenera- 
tion, and cytopathology observed in the N18-RE-105 cell 
line. Glial cells were unaffected during the time frame 
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Figure 7. The RelationshIp Between Occupancy of the Cy>tlne Up- 
take Site by Cystine and Toxicity of N18-RE-105 Cells 

Shown are two methods for reducing transporter occupancy bycy$- 
tine: varying cystine concentration or varying cystine concentration 
in the presence of 1 mM Clu. Occupancy was calculated based on 
parameters dewed from L-(Ylcystine uptake inhibitjon cxpew 
merits: 

% occupancy = lOO.L,/(L, + K,) tar cystlne, and 

% occupancy = R;L,/(L, + K,) + R;L,/(L, + K;(l + LJK,)) for 
cystlne + Clu 

K, IS the K,, of cystine, and K, is the K,< of Glu, R, is the percentage 
of cystine uptake sites that are not InhibIted by Clu (~25~1,). R, 15 
the percentage of cystine uptake sites that are Clu-wnsltwe 
c-75%), L, is the concentration of cystine, and L, is the concentra- 
tion of Clu. Means k SEM of 3 separate triplicate expertments with 
5-500 PM cystine or 20-1000 FM cystlne + 1 mM Clu (points with 
error bars) or means of 2 separate triplicate experiment5 (points 
without error bars). 

that resulted in profound neuronal degeneration. Stud- 
ies in progress are addressing the role of Glu-induced in- 
hibition of cystine transport on cytotoxicity in primary 

neuronal cultures. 
Cystine and Glu both have a net charge of -1 at 

pH 7.4 (Bannai, 1984) and can be transported by high 
affinity (micromolar affinities) antiporters, which ex- 
change molecules of like charge in a manner indepen- 
dent of metabolic energy. Extracellular cysteine is rap- 
idly oxidized to cystine, then taken up, reduced, and 
used in the synthesis of GSH or protein (Bannai, 1984). 
GSH plays a major role in cellular metabolism as an an- 
tioxidant and free radical scavenger, and CSH depletion 
results in cell degeneration due to oxidative stress (Hal- 
liwell, 1987). For example, Bannai et al. (1977), using fi- 
broblasts, found that reducing cystine levels in the cul- 
ture medium caused delayed cell degeneration. This 
cytotoxicity was prevented by free radical scavengers, 
suggesting that oxidative events were occurring. Bannai 
also characterized the uptake of cystine into fibroblasts 
and found it to be inhibited by Glu. Additionally, the up- 
take of Glu was inhibited by cystine, suggesting that they 
shared a common carrier site. However, the affinities of 
cystine and Glu at this site were at least one-fifth that 
reported for N18-RE-105 cells (Bannai and Kitamura, 

1980). May and Gray (1985) have shown In primary fi- 
broblast cultures that addition of Glu to the medium 
caused a reduction in cystine uptake and a decrease in 
cellular GSH concomitant with ceil death. However, the 
toxicity of Glu if fibroblasts was not apparent until oc- 
cupancy of the cystine antiporter was reduced to less 
than 5% (fibroblast transport kinetic constants from Ban- 
nai and Kitamura, 1980), indicating that nonneuronal 
cells are far less sensitive to this type of cytotoxicity. 

The apparent affinities of Glu, cystine, and Quis for 

their uptake site, determined with L-[3]cystine, were in 
good agreement with those determined using L-[3H]glu- 
tamate, suggesting that Glu, Quis, and cystine bind to 
the same carrier. High affinity sites were of primary in- 
terest since their affinities correlated best with the ob- 
served cytotoxic effect of low cystine and added Glu. 
However, we do not exclude the possibility of lower af- 
finity transport sites for Glu and for cystine. In support 
of the existence of more selective, lower affinity sites 
mediating Glu and cystine transport, the uptake of 
L-[?]cystine could not be completely blocked by Glu, 
and L-[‘HIglutamate uptake was not completely blocked 
by cystine. 

The uptake system for cystine in N18-RE-105 cells 15 

similar to thdt for the Na+-independent and Cl-- 
dependent transport of Glu described in neurons (Table 
4) (Berry et al., 1988; Kessler et al., 1987: Zaczek et al., 
1987a, 1987b) but has a 5-fold higher affinity than the 
cystine/Glu antiporter in fibroblasts (Bannai and 
Kitamura, 1980). Only substrates that significantly re- 

duced I-[YS]cystine uptake (e.g., Quis, Glu, and 
ibotenate) were appreciably cytotoxic (Murphy et al., 
1988a). Similarly, Quis, ibotenate, and Glu are among 
the most potent compounds at inhibiting CI--depen- 
dent L-[‘HIglutamate binding/sequestration in mem- 
brane preparations from both rat brain and N18-RE-105 
cells (Berry et al., 1988; Kessler et al., 1987; Zaczek et 
al., 1987a, 1987b; Maloufet al., 1984). Notably, the N18- 
RE-105 cell line lacks Na+-dependent high affinity up- 
take of Glu, which is expressed in subpopulations of 
brain neurons and glia (Malouf et al., 1984). 

Many different mechanisms of cell death may share a 
common final oxidative event; examples are menadione 
(Di Monte et al., 19841, Ca?+ ionophores (Schanne et 
al., 1979), and starvation (Saez et al., 1987). Our findings 
indicate that free radicals were produced 5-7 hr after 
Glu treatment of N18-RE-105 cells and that several free 
radical scavengers can protect against the cytotoxic ef- 
feet of high Glu concentrations. Both the depletion of 

cellular GSH and the formation of free radical appeared 
to precede cell death. However, GSH depletion by Glu 
is not sufficient in itself to cause cell lysis, since each of 
the protective treatmentsPlow CaL+, Iipooxygenase in- 
hibitor, depolarization, and vitamin E-failed to protect 
against the Glu-induced depletion in GSH levels, al- 
though they protected against cytotoxicity. 

With decreased levels of GSH, the ability of N18-RE- 
105 cells to scavenge free radicals formed by CaJ+- 
dependent pathways, i.e., Iipooxygenases and phos- 
pholipases (Samuelsson et al., 1987; Baba et al., 19861, 
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may be impaired. Low Ca2+ medium would prevent the 
activation of these enzymes. Consistent with this in- 
terpretation, the lipooxygenase inhibitors nordihydro- 
guaiaretic acid and phenidone and the phospholipase 
A2 inhibitors quinacrine and 4-bromo phenacyl Br- re- 
duce the cytotoxicity of Glu in N18-RE-105 cells (Murphy 
et al., 1989). Alternatively, altered sulfhydryl redox status 
has been reported to change the function of proteins in- 
volved with Ca2+ disposition; for example, the reduced 
activity of Ca2+ ATPase in hepatocytes is caused by ox- 
idative stress (Di Monte et al., 1984). The observed pro- 
tective effects of divalent metals such as Cdl+ against 
low cystine-type cell death and glutamate-induced cell 
death (Murphy et al., 1988b) suggest that intracellular 
oxidants may be able to produce prolonged activation 
of voltage-sensitive Ca2+ channels by damaging their 
gating mechanism. Alternatively, Cd2+ could interfere 
with other Ca2+-dependent processes. Thus, the protec- 
tive effects of these treatments suggest that GSH deple- 
tion renders the cells vulnerable to secondary events, 
which can be blocked at several different control points, 
that lead to cell lysis. 

Plasma cystine and Glu concentrations are from 80 to 
140 PM (Battistin et al., 1971; Perry et al., 1975); thus up- 

take via low affinity, high capacity systems may domi- 
nate in the periphery. In contrast, the cerebrospinal fluid 
(CSF) concentration of cystine in mammals is between 
0.1 and 0.3 PM (Perry et al., 1978; Cjessing et al., 1972). 
While the concentration of cystine in CSF is below that 
required for survival of neurons in primary culture, the 
levels in the perineural space may be higher. Neverthe- 
less, the CSF values suggest that the extracellular con- 
centrations of cystine are substantially lower in the brain 
than in the periphery. In mouse brain, tissue concentra- 
tions of free Glu are approximately 10 mM, tissue cystine 
is approximately 30 PM (Battistin et al., 1971), and brain 
extracellular Glu concentrations are between 1.5 and 15 
PM (Benveniste et al., 1984; Perry et al., 1978; Gjessing 
et al., 1972). Since antiporters move substrates down 
their concentration gradients, it is likely that the neu- 
ronal cystine/Glu antiporter functions to transport Glu 
out and cystine in. 

During experimentally induced brain ischemia, ex- 
tracellular Glu concentrations have been shown to in- 
crease to levels 800% of control (Benveniste et al., 1984), 
which would inhibit cystine uptake. Consistent with this 
inference, ischemia reduces brain GSH levels (Rehn- 
crona et al., 1980). The neuronal toxicity of kainate is in- 
direct and requires the integrity of glutamatergic affer- 
ents (McGeer et al., 1978; Biziere and Coyle, 1979). 
Kainate releases Glu presynaptically (Lehmann et al., 
1983; Ferkanyand Coyle, 1983), which would inhibit the 
neuronal uptake of cystine, possibly explaining the in- 
direct toxicity of kainate. Furthermore, free radical 
scavengers protect against kainate-induced neurotoxic- 
ity in primary cell cultures (Dykens et al., 1987). While 
NMDA does not directly affect the cystine carrier (Table 
4), activation of its receptors causes influx of Ca2+ via 
Mg2+-sensitive channels (Mayer et al., 1984; Jahr and 
Stevens, 1987). Elevated intracellular Ca2+ produces ox- 

idative stress (Schanne et al., 1979), which may make 
neurons more dependent on cystine uptake for GSH 
synthesis, possibly unmasking a contribution of Glu- 
sensitive cystine transport to the delayed toxicity of 
NMDA agonists in vivo. Thus, we speculate that inhibi- 

tion of cystine uptake by elevated concentrations of ex- 
tracellular Glu during various types of brain insults, such 
as ischemia (Simon et al., 19841, might reduce the ability 
of neurons to maintain redox homeostasis and ulti- 
mately contribute to cell death. Whether a role for cys- 
tine uptake inhibition exists in neurodegenerative dis- 
ease awaits further studies in vivo and in primary 
cultures. 

Experimental Procedures 

Materials 
Tissue culture medium (DMEM; #430-2100) and fetal calf serum 
were purchased from CIBCO; L-[%]cystine (354-866 Ciimmol) 
and L-[JH]glutamate (51.9 Cilmmol) from New England Nuclear; 
35 mm tissue culture dishes from Corning; 24 well tissue culture 
plates from Costar; Quis, o-AW, and D-APB, from Cambridge Re- 
search Biochemicals; ibotenate from Regis Biochemicals; NMDA, 
cystine, kainate, Na+ gluconate, K+ gluconate, N-methyl-n- 
glucamine, bovine serum albumin (fraction V), veratridine, nordi- 
hydroguaiaretic acid, a-tocopherol (vitamin E), and EGTA from 
Sigma; OL-APH and AMPA from Research Biochemicals Incorpo- 
rated; Triton X-100 and DL-APB from Calbiochem; bicinchoninic 
acid reagent from Pierce; DTNB, HEPES, CSSC reductase (600 
U/ml), and CSH from Boehringer Mannheim; and 2,7-dichloro- 
fluorescin diacetate from Molecular Probes. All other chemicals 
were purchased from standard sources. 

N18-RE-105 Cell Culture and Cytotoxicity Quantitation 
N18-RE-105 cells were grown as described previously in DMEM 
containing 5% fetal calf serum and hypoxanthine, aminopterin, 
and thymidine (control culture medium, 200 VM cystine) (Malouf 
et al., 1984). For cytotoxicity studies, cells were subcultured from 
confluent 75 cm2 flasks and plated on 35 mm culture dishes at a 
density of 20,000 cells per dish in 1 ml of the above medium (unless 
otherwise noted). After culturing for 24 hr. the medium was re- 
moved and replaced with medium (formulation described above) 
containing the indicated amounts of cystine and/or Glu agonists. 

After the times indicated in the presence of medium with altered 
cystine concentration and/or Clu agonists (O-24 hr), cytotoxicity 
was monitored by phase-contrast microscopy and quantitated by 
the release of the cytosolic enzyme LDH into the culture medium. 
LDH is an easily measured, soluble enzyme, the activity of which 
is proportional to cell number (Schnaar et al., 1978). Experiments 
with N18-RE-105 cells demonstrate that LDH activity released into 
the culture medium is stable for at least 72 hr (data not shown). 
Complete analysis of cell lysis required measurement of the LDH 
activity in three pools: that released into the medium, that in any 
nonadherent intact cells (usually a small pool), and that in 
substratum-attached intact cells. After exposure to toxic conditions, 
the medium was collected from each culture plate and centrifuged 
at 200 x g for 5 min (to sediment any nonadherent cells). The su- 
pernatant was transferred to a fresh tube, and any pelleted cells 
were lysed in 1 ml of 0.1 M potassium phosphate buffer (pH 7.0) 
containing 0.5% (v/v) Triton X-100 (lysis buffer). Cells remaining on 
the plate were lysed in 1 ml of lysis buffer. LDH activity in the cul- 
ture medium (supernatant) and in the cell lysates was measured 
spectrophotometrically (Schnaar et al., 1978). The percent cell 
death was defined as the amount of LDH released into the culture 
medium divided by the total LDH activity in the culture (medium 
+ lysed detached cells + lysed attached cells). 

Cystine-free DMEM was prepared using a published formulation 
(Eagle, 1955; Smith et al., 1960) except that cystine was eliminated. 
Cystine was added to media by dilution of a 100 mM stock dissolved 
in deionized water by addition of NaOH. After the addition of the 



cystine stock to media, the pH was adjusted as necessary by the ad- 
dition of HCI. 

Primary Cell Culture and Toxicity 
Cultures of mixed primary hippocampal neurons and gIla were pre- 
pared by the method of Huettner and Baughmann (1986). Briefly 
hippocampi were dissected from 17 day gestation rat fetuses and 
dissociated enzymatically with papain. The cells were then plated 
on 24 well plates at a density of 6 x 1Oi cells per ml in 1.2 ml of 
minimal essential medium supplemented with penicillin, strep- 
tomycin, 10% fetal bovine serum, and 5% horse serum. The cells 
were cultured for 7 days, at which time they were treated with 
5.fluoro-2-deoxyuridine (10 PM) and uridme (100 PM). The cells 
were then cultured for 7 more days (with feeding every 3 days by 
half replacement of medium, with medium containing horse se- 
rum, but lacking fetal serum) and were used for experiments be- 
tween 14 and 21 days in vitro. Cultures were washed twice in 
DMEM without cystine (200 pM cystine medium is normally pres- 
ent). After the final wash, serum-free DMEM containing various 
concentrations of cystine (l-100 PM) was added to the cultures, 
which were then incubated for 24-30 hr at 37’C. In some cultures, 
fields were selected at random and their locations were marked and 
photographed over the exposure period (between photographs 
cells were returned tothe incubator). After the exposure period, the 
medium was removed and the cells were lysed for LDH measure- 
ment as previously described for N18-RE-105 cells. 

Since the primary hippocampal cultures contained both neu- 
rons and glia, neuronal toxicity was quantitated as follows. Ex- 
posure of cultures (24-30 hr) to medium containing 1 w cystine 
resulted in LDH release which was similar to that produced by a 
5 min or continuous exposure to NMDA or Clu (1 mM) and was 
defined as maximal cell death. The amount of LDH released Into 
normal cystine-containing medium for the same time was consld- 
ered basal release (Koh and Choi, 1988). Toxicity was expressed as 
a percentage of maximum (neuronal) LDH release over basal. 

Toxicity was also determined by counting viable and nonviable 
neurons and defining percent cell death as the percentage of non- 
viable neurons. Neurons were identified as large, phase-bright cells 
with obvious processes. Identification was confirmed in some cul- 
tures using antisera to neuron-specific enolase, and a statistically 
significant reduction in cells positive for neuron-specific enolase 
was observed following low cystine exposure (data not shown). 
Neurons were considered dead if they were not phase-bright, had 
ruptured cell membranes, and displayed severed processes. Viabil- 
ity was routinely checked by trypan blue exclusion. However, 
counting viable and nonviable neurons may have underestlmated 
cell death at the lowest cystine concentration used (1 w), since 
some necrotic cells had completely disintegrated and thus were un- 
able to be counted (see Figure 6). 

L-[%]Cystine and L-[3H]Clutamate Uptake 
Amino acid uptake was evaluated using cells grown as described 
above. Briefly, N18-RE-105 cells were plated at a density of 4000 
cells per well in 0.2 ml of medium into 24 well plates. Cells were 
grown for 24-48 hr prior to measurement of uptake. Uptake was 
measured using a modification of the method of Garzola et al. 
(1981). Medium was removed from each well by aspiration, and the 
adherent cells were washed once with 2 ml of a modified Hank’s 
balanced salt solution (HESS) containing 145 mM NaCI, 5.4 mM 
KCI, 1.8 mM CaCI?, 0.8 mM MgC12, 0.4 mM KH2P0.,, 0.6 mM 
Na2HP0,(7H,0), 10 mM Na+HEPES, 4.1 mM NaHCO,, and 5 
mM glucose (pH 7.4 and 340 mosm). The washed cells were prein- 
cubated for 15-20 min in 500 pl of HBSS per well at 37’C. then 
washed again as described above. The medium was removed as de- 
scribed above and replaced with 300 ~1 of HBSS containing 5-15 
nM L-[35S]cystine (354-866 Ci/mmol) or 100 nM L-[JH]glutamate 
(51.9 Ciimmol) and the indicated amounts of unlabeled amino 
acids. After incubation at 37°C for the indicated times, the medium 
was removed and the cells were washed rapidly three times with 
2 ml of ice cold HESS, without added amino acids. The cells were 
then lysed with 200 pl of lysis buffer, and 100 ~1 of lystate was re- 
moved for radioactivity determination by liquid scintillatton spec- 
troscopy counting in an aqueous accepting fluor. The remaining 

100 pl was retalned for subsequent protein determination by the bi- 
cinchoninic acid reagent method (Smith et al., 1985) with bovine 
serum albumln as standard. Ca’+-free uptake buffer was made by 
omitting Cd>+ from HBSS and adding 0.5 mM Na+EGTA (pH 7.4). 
Low Cl- buffer (1.8 and 7.2 mM) was prepared by replacing added 
KCI and NaCl in HBSS with the appropriate gluconate salts. Low 
Na+ buffer (approximately 15 mM added Nat) was made by 
replacing NaCl in HBSS with N-methyl-D-glucamlne Cl-. 

Clutathione Levels 
Cellular CSH + CSSC levels (total amount of both forms) were 
measured using a modification of the method of Tietre (1969). N 18. 
RE-105 cells were plated on 60 mm culture dishes and grown as de- 
scribed above, washed once with HBSS, collected with a rubber 
policeman in 1 ml of 3% HCIOI, removed to a microcentrifuge 
tube, and placed on Ice for 15 min. The tubes were centrifuged (10 
min at 7400 x g at 4°C) to remove precipitated protein, and the 
supernatants were transferred to fresh test tubes containing 0.5 M 
KOH and 9 mM NaJB1O- (0.8-0.9 ml, adjusted to pH 7.5). The 
tubes were placed on ice for 10 min to allow precipitation and set- 
tling of KCIOJ. An aliquot (0.25 ml) of the neutralized supernatant 
was added to 0.25 ml of 0.1 M potassium phosphate and 5 mM 
EGTA (pH 7.5) in a 1 ml plastic cuvette, then 0.4 ml of a solution 
containing 0.1 mgiml DTNB, 0.32 mgiml NADPH, and 0.1 M phos- 
phate buffer (pH 7.5) was added. CSH + GSSG was determined 
spectrophotometrically by measuring the change in AjiL upon ad- 
dition of 100 ~1 of GSSG reductase (8 U/ml). ExperImental rates 
were compared with those determined using GSH standards 
treated in the same manner. Precipitated protein pellets (above) 
were air-dried and resuspended in 0.1 M NaOH for protein determl- 
nation using the bicinchoninic acid reagent method (Smith et al., 
19851. 

intracellular Peroxide Formation 
Formation of intracellular peroxides was detected using 2.7. 
dichlorofluorescin diacetate, which is a nonfluorescent cell-per- 
meable compound (Bass et al., 1983). Upon entering cells, the 
compound is de-esterified and IS subject to oxidation by cellular 
peroxides to the fluorescent compound 2,7-dichlorofluorescein. 
Glu-treated (10 mM Glu, 5-7 hr) and control cultures were allowed 
to take up 10 PM 2,7-dichlorofluorescin diacetate (added as 10 mM 
stock in DMSO) for 10 min at 37°C. The cultures were then washed 
twice with HBSS, and cellular fluorescence was viewed in HBSS at 
25’C using a Leitz fluorescence microscope with fluorescein filters. 
Cultures were compared, with treatment condition blind to the in- 
vestigator, and fluorescence was determined qualitatively by count- 
ing cells first under bright-field and then under fluorescence and 
expressing results as the percent fluorescent cells. 

Data Analysis 
To determine K, values. uptake data were fit to the following equa- 
tions: 

v = V,,,,;S/(S + K,J for cystine uptake 

v = V”U, .S/(S + K,) + M.S + B for Glu uptake 

in which V IS the velocity of uptake in pmolimg of protein per 20 
min, V,,, is the maximal saturable transport velocity, S is the con- 
ceotratlon of radlolabeled substrate, M is the slope of a linear non- 
saturable component, and B is the intercept of the linear compo- 
nent, using V,,, and K, as free parameters for cystine and V,,,, K,, 
M, and B as free parameters for Glu. Addition of a small nonsatura- 
ble linear component (13% of total uptake when [S] = K,) to the 
equation for Glu uptake resulted in a significant improvement in the 
modeling for uptake data by the calculated extra sums of squares 
test (Munson and Rodbard, 1980) (data set O-3000 pM Clu) com- 
pared with a single site, whereas addition of a second saturable up- 
take site to the model did not. 

Apparent affinities (K,) of unlabeled Glu, cystine, or QUIS for 
the cystine and Glu carrier were calculated by measuring the up- 
take of 5-15 nM L-[?]cystine or 100 nM L-[jH]glutamate in the 
presence of various concentrations of unlabeled inhibitor and es- 
timating affinities with R and K, as free parameters using the fol- 
lowing equdtion- 
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% control uptake = 100 - ((R.LJ/fL + K,JJ 

in which R is the percentage of carriers that are sensitive to inhibi- 
tor, control uptake is that in the absence of any inhibitor, L is the 
unlabeled inhibitor concentration, and K, is the apparent inhibitor 
affinity. Hill coefficients (nu) were calculated using 

% control uptake = 100 - ffR.L”n)/fL”~ + K,)) 

Hill coefficients were fitted with nH and R as free parameters and 
with K, values held constant fat the value retained by setting nH = 
1, which resulted in a significantly better fit by the criterion of the 
extra sum of squares test (Munson and Rodbard, 1980) than when 
the three parameters were allowed to vary). For calculation of inhib- 
itor affinities and nH coefficients, data from 3-6 experiments were 
pooled and analyzed by nonlinear regression and the results were 
presented as the mean f standard deviation. All other data are 
presented as the mean * SEM, unless noted otherwise. Affinities 
and r-r+, coefficients were also calculated for each individual ex- 
periment, and two-tailed unpaired t-tests were performed compar- 
ing the values for different inhibitors and/or radiolabeled substrates. 
Radiolabeled substrate concentrations were less than 0.5% of the 
measured K, values for Clu or cystine. When the concentration of 
radiolabel is much less than the Kr, K, and K, are mathematically 
equivalent; thus apparent differences between values for K, and K, 
for a particular substrate are not of biological significance. Con- 
stants for cell death and uptake data were estimated by the least 
squares method, using an iterative curve-fitting computer program. 
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